The raccoon (Procyon lotor) is an ecologically important mesopredator that threatens at least 11 species of beach-nesting and colonial waterbirds on the Virginia barrier islands. An understanding of population dynamics, reproductive sources and sinks, and dispersal pathways among the islands and the adjacent Delmarva Peninsula mainland will help prioritize allocation of scarce resources for managing these raccoon populations. We characterized these metapopulation processes by examining variation across mitochondrial (mtDNA) and nuclear DNA (microsatellite) markers. We sequenced a 515-base pair fragment of mtDNA (containing the 5′-end of the cytochrome-b gene, the 3′-end of the D-loop, and the intervening tRNA genes) in 164 animals from 22 localities. We detected 7 unique mtDNA sequences, distributed along a presumably long-term, north-south genetic gradient on the islands and on the mainland, reflecting the temporal sequence of colonization of these areas. We also genotyped 13 nuclear microsatellite loci in 314 individuals from 24 localities, and we found complex patterns of spatial population structure, dispersal, and gene flow among island and mainland localities. Whereas mainland localities showed considerable admixture, suggesting multiple waves of colonization, most islands showed little admixture, suggesting single founding events and relative isolation since founding. Islands formed 2 genetically cohesive groups, 1 in the north and another in the south. Based on patterns of genetic variation, estimates of effective population size, and immigration-emigration rates, Parramore and Revel islands serve as the major demographic source of raccoons on the northern islands, whereas Smith Island is the major source of raccoons on the southern islands. Most inferred movements of raccoons occurred among adjacent groups of islands that are interconnected by marsh and relatively shallow, narrow, open-water channels. These genetic results are consistent with our empirical studies of raccoon movement and support predictions from a cost-distance model of raccoon movement, which assumes that gene flow is primarily constrained by a combination of spatial distance and landscape resistance. Our landscape genetic analyses indicated that: 1) raccoons occur in a series of semi-independent local populations that exhibit significant genetic structure and are characterized by historical and ongoing colonization events, 2) island populations exhibit evidence of source-sink dynamics in patterns of variation in genetic diversity, effective population size, and emigration-immigration rates, 3) the Delmarva Peninsula mainland is not a major source of raccoons dispersing to most of the islands, and 4) individuals dispersed mostly among nearby islands and along least-cost pathways of landscape resistance, in agreement with predictions based on cost-distance models of raccoon movement in this system.
The raccoon (Procyon lotor) is an ecologically important mesopredator throughout its range and an important biological component of most ecosystems in the eastern United States (Gehrt 2003) . Raccoons also are major carriers of diseases (e.g., rabies and distemper) and parasites (e.g., Baylisascaris procyonis) that threaten humans, domestic animals, and other wildlife species (Gehrt 2003) . Wildlife managers are interested in mitigating these and other impacts of raccoons on wildlife (e.g., nest predation), but the geographic and demographic complexity of landscapes makes this difficult. Predation by raccoons has been cited as a major cause of population decline in at least 11 species of beach-nesting and colonial waterbirds on the Virginia barrier islands ( Fig. 1A ; Erwin et al. 2001; Rounds et al. 2004; Wilke et al. 2005; Brinker et al. 2007; Williams et al. 2007 ). The islands constitute a patchy, highly fragmented natural landscape, with the patches (islands) differing significantly in plant species composition (McCaffrey and Dueser 1990a) , habitat complexity (McCaffrey and Dueser 1990b) , and geographic features (area, isolation, and elevation- Dueser and Brown 1980) . Raccoons occur on the mainland Delmarva Peninsula and at least 24 barrier, back-barrier, and marsh islands in the Virginia barrier island system, among which individuals disperse due to variable habitat quality (Dueser et al. 2013) . The mainland and some islands support resident (source) populations of raccoons; other islands are occupied only ephemerally and thus are habitat sinks ( Fig. 1B ; Porter et al. 2015) . Often, islands that function as habitat sinks for raccoons are, simultaneously, prime nesting sites for beach-nesting and colonial waterbirds (Erwin et al. 2001; Williams et al. 2007) . In this system, we have indication of a raccoon metapopulation that includes the mainland, source and sink islands, local extinctions, mainland-island dispersal, and interisland dispersal; we infer that local populations exhibit asynchronous population dynamics (Levins 1970; Pulliam 1988; Hanski 1998; van der Merwe et al. 2016) . We hypothesize that the raccoon metapopulation on the Virginia barrier islands is maintained through a combination of mainland-island dynamics (stable sources) and source-sink dynamics (spatial variability in habitat quality- Harrison and Taylor 1997 ). An understanding of sources, movement, and population dynamics will help prioritize allocation of scarce resources for managing these raccoon populations.
As part of the effort to assess movement in order to recommend actions for management of this species, Dueser et al. (2013) conducted extensive field studies, and Porter et al. (2015) subsequently conducted modeling studies in an attempt to estimate likely sources and likely direction(s) of movement by individuals. In our context, an understanding of water as a barrier to interisland movement is crucial for the effective management of raccoons on these islands, because ongoing migration from sources is necessary to maintain raccoons at sinks. Additionally, understanding the relative role of the mainland versus other islands as source(s) of insular immigrants is vital. This is important because depopulation of islands through removal of individuals has some chance of being successful; islands typically support fewer individuals. In contrast, the number of raccoons on the Delmarva Peninsula mainland (a mosaic of low-density human dwellings, small woodlots, and agricultural fields with fringing marshes) is substantially larger, and cost-effective control of the mainland population by reducing the number of individuals is not practical. Dueser et al.'s (2013) field studies of dispersal included extensive attempts to monitor movement using capture-markrecapture and radiotelemetry. They also conducted experimental translocations to characterize overwater movement by raccoons. Between 2001 , Dueser et al. (2013 radiocollared and translocated 32 raccoons either from the mainland to a nearby island or between adjacent islands. Of those 32 animals, at least 22 returned to the location of original capture, and 21 animals returned within 15 days. Results of these studies suggested that raccoons on the Virginia barrier islands are capable of moving distances of 1-3 km across marshes and open water (Dueser et al. 2013 ). However, Dueser et al. (2013) were unable to draw meaningful conclusions about likely sources and the likely direction(s) of movement by raccoons in this system because marked animals (that were not translocated) moved so infrequently.
Building upon the field studies of Dueser et al. (2013) , Porter et al. (2015) conducted a modeling study of landscape resistance to elucidate landscape connectivity in this system. They used least-cost-path analysis and cost-distance analysis coupled to a sensitivity analysis to model raccoon movement among the islands and the adjacent mainland. Porter et al. (2015) estimated costs for animals to reach each island from both island and mainland sources. They also assessed the relative likelihood of mainland versus island populations serving as sources of immigrants to unoccupied (or depopulated) islands, and they identified several islands that may serve as major sources for populations of raccoons that inhabit nearby sink islands (Fig. 1B) . Although these modeling results provided useful information, the inferences would be strengthened if model parameters and results were validated by empirical data on raccoon movement or gene flow.
Direct studies of dispersal (e.g., Dueser et al. 2013 ) require large investments for fieldwork and equipment to trap, mark, radiocollar, and monitor individual animals. Additionally, fieldwork in an undeveloped barrier island system is hindered by logistics related to boat transportation and tides. Given the costs and time required to obtain additional direct estimates of movement, but needing additional empirical data to inform our management recommendations, we turned to landscape genetic analyses. These relatively new methods can be used to assess the effects of landscape-level environmental features on population structure, to estimate migration rates, and to infer sources of migrants (Montgelard et al. 2014) . Landscape genetic analyses are particularly relevant to the Virginia barrier islands, which are located varying distances from each other and from the mainland. In addition, intervening habitats (upland, marsh, and open water) likely differ in their permeability to movement of raccoons (Dueser et al. 2013; Porter et al. 2015) . Landscape-scale genetic data provide a means to empirically test models of landscape connectivity because the geographic patterns of genetic diversity In this study, we used landscape genetic analyses of mitochondrial and nuclear markers to elucidate the historical and contemporary metapopulation dynamics (dispersal, recruitment, Dueser et al. (2013) . B) Schematic representation of the minimum-cost network for raccoons to move among localities included in this study. Arrows connect each island locality with the surface determined to be its most cost-efficient source, based on total energetic cost of transit across upland, salt marsh, and open water. Source islands were defined as islands that support resident populations of raccoons. M:I is mainland:island cost ratio. A high mainland:island cost ratio indicates that the cost of traveling from a source island is much lower than the cost of traveling from the mainland. Adapted from figure 5 in Porter et al. (2015) . and colonization) of raccoons on the Virginia barrier islands and the adjacent Delmarva Peninsula mainland. Mitochondrial marker data provide important information about long-term maternal gene flow patterns, which can be used to infer past isolation events as well as historic colonization and recolonization (Hickerson et al. 2010) . Microsatellites, on the other hand, provide a more contemporary snapshot of current or recent demographics. We jointly used the results of these analyses to: 1) assess the historical and current degree and patterns of population genetic structure in the study area, 2) estimate rates and patterns of dispersal and gene flow among island and mainland localities, asking whether there are asymmetries indicative of source-sink dynamics, 3) estimate genetic diversity and effective population size (N e ) for breeding populations, asking whether variation in N e is indicative of reproductive sources or sinks, and 4) test predictions of cost-distance models, in order to refine our understanding of the landscape features (distance, habitat type, water barriers) that promote or impede dispersal of raccoons among habitat patches in this landscape. Findings of this study will inform recommendations for future management of raccoons on the Virginia barrier islands. For example, we seek to identify islands (e.g., habitat sinks) where we believe removal of raccoons will have maximal impacts for protection of nesting birds (Erwin et al. 2001; Williams et al. 2007 ).
Materials and Methods
Study area.-Study localities included 12 sites on the mainland of the southern Delmarva Peninsula and 12 islands of the barrier island complex that extends for ~150 km along the seaward margin of the peninsula. The island complex is centered at approximately 37°30′ North and 75°40′ West in Accomack and Northampton counties, Virginia, United States (Fig. 1A) . This 1,000-km 2 landscape is a dynamic, highly fragmented mosaic of open bays, marshes, marsh islands, and barrier islands (Hayden et al. 1991) . The islands lie from 0.4 to 12.1 km offshore, range from 1 to 10 m in elevation, and vary from 27 to 7,029 ha in area. Vegetation varies from emergent sandbars to low-lying marsh, grassland with extensive overwash zones, and shrub thickets and mature forests on islands with greater elevation (McCaffrey and Dueser 1990b) . The islands are separated by estuarine marshes and bays that connect to the Atlantic Ocean through deep inlets (Oertel et al. 1989) . The average distance between nearest-neighbor islands was 808 m (SE = 162.7), and the average distance between adjacent islands that are separated by deep, swift-running inlets was 518 m (SE = 83.5; http://www.csc.noaa.gov/crs/lca/ccap.html). The average distance from the mainland was 5,835 m (SE = 745.5; range: 351-12,868 m). Given high rates of erosion and accretion in this dynamic environment, the distances between nearestneighbor islands may change by 100s of meters in any given year. Further details on barrier island formation and dynamics are given in Supplementary Data SD1.
At least 8 islands-including Cedar, Parramore, Revel, Hog, Mockhorn, Smith, Skidmore, and Fishermans-support potential resident, or source, populations of raccoons ( Fig. 1B; Dueser et al. 2013; Porter et al. 2015) . Raccoons also occur, at least occasionally, on Metompkin, Rogue, Mink, and Myrtle islands. Although we observed tracks infrequently on Cobb, Wreck, and Ship Shoal islands prior to 2004, raccoons are absent from these islands, all of which are located between Hog and Myrtle islands (N. D. Moncrief and R. D. Dueser, pers. obs.) .
This study focused on the islands from Metompkin southward to Fishermans. Fishermans Island is connected to the southern tip of the Delmarva Peninsula by a highway bridge, but the other 11 islands in this study are accessible only by boat. The study islands include marsh (Mink), grassland (Cedar, Myrtle, and Metompkin), shrubland (Hog, Rogue, and Mockhorn), and forested (Fishermans, Parramore, Revel, Skidmore, and Smith) islands. Given the effects of area and elevation, habitat complexity on these islands is cumulative, so that forested islands also have areas of shrubland, grassland, and marsh; shrubland islands have grassland and marsh; and grassland islands have marsh (Dueser and Brown 1980) .
For studies that modeled landscape resistance to movement of raccoons in this system, Porter et al. (2015) assigned energetic costs to traverse upland, marsh, and open water. They estimated that the cost for a raccoon to cross marshland and open water is 2 and 4 times higher, respectively, than the energy necessary for that same animal to move across upland. They also assumed that marshland provides a form of "stepping stone" for raccoons to move across this watery landscape. If these assumptions are correct, then raccoon distribution on the islands is heavily influenced by the extent and distribution of marshes.
Field sampling.-Between 1999 and 2006, we collected ear clips from animals that were captured by livetrapping (Dueser et al. 2013) or predator removal efforts (B. Truitt, Virginia Coast Reserve, The Nature Conservancy, pers. comm.; S. Rice, Eastern Shore of Virginia National Wildlife Refuge, U.S. Fish and Wildlife Service, pers. comm.) and skeletal muscle samples from road-killed individuals (Supplementary Data SD2). As noted by Dueser et al. (2013) , a total of 936 raccoons were removed (i.e., humanely euthanized at the point of capture) from Cedar, Fishermans, Metompkin, Mockhorn, Myrtle, Parramore, Revel, and Smith islands between 2001 and 2007. It is possible that removal of individuals from an island might alter the allele frequencies of the raccoon population on that island. However, as detailed below in our "Results," temporal genetic variation in our data set was trivial (< 1% of variation) relative to spatial variation among localities (nearly 8% of variation). Therefore, we contend that these removal efforts did not affect our interpretation of the landscape genetics of raccoons in this system.
Samples were held on ice in the field, transferred to −20°C for short-term holding, and stored at −80°C. We recorded sex and geographic coordinates of capture (Universal Transverse Mercator Zone 18N) for each sampled individual. Our methods met the guidelines of the American Society of Mammalogists for the use of mammals in research (Sikes et al. 2016 (Longmire et al. 1997) . We amplified an approximately 515-base pair fragment of the mitochondrial genome containing the 5′-end of the cytochrome-b gene (aligned positions 1-109), the 3′-end of the D-loop (aligned positions 247-515), and the 2 intervening tRNA genes (aligned positions 110-246) via polymerase chain reaction (PCR) and sequenced the fragments as detailed in Supplementary Data SD4.
We used Arlequin 3.5 (Excoffier and Lischer 2010) to calculate haplotype diversity (h) and nucleotide diversity (π) for each locality. For localities with sample size of at least 5 individuals (5 localities on the mainland and 8 islands; Table 1 ), we also used Arlequin to investigate population structure by estimating the net number of nucleotide differences between localities (d A -Nei and Li 1979). We assessed P-values for significance using a sequential Bonferroni correction (Rice 1989) .
Laboratory methods and data preparation for microsatellite loci.-We extracted template DNA from whole-tissue samples collected 1999-2006 (Supplementary Data SD2) using a PureGene DNA Extraction Core Kit A (Gentra Systems, Minneapolis, Minnesota). We genotyped samples at 13 microsatellite DNA loci previously developed for use in raccoons by Fike et al. (2007; loci PLOT-05, PLOT-06, PLOT-07, PLOT-08, PLOT-09, PLOT-10, and PLOT-11) and Cullingham et al. (2006; loci PLO-M17, PLO-M15, PLO-M2, PLO-M3, PLO3-86, and PLO2-117) . Details of microsatellite amplification and visualization are detailed in Supplementary Data SD5.
Following genotyping, a set of quality-assurance, qualitycontrol (QA-QC) analyses were conducted to prepare the data set for population genetic analyses. First, we removed data for individuals that were missing genotypic data at more than 2 loci so that analyses could be based on relatively complete genotypes. Second, we used the Microsatellite Toolkit for Microsoft Excel (animalgenomics.ucd.ie/sdepark/ms-toolkit/-Park 2001) to identify any duplicate individuals, rejecting a match if > 2 alleles differed between the pair in question. Third, we pooled individuals by locality, and we used Arlequin 3.0 (Excoffier et al. 2005 ) to test for Hardy-Weinberg equilibrium (HWE) for each locus at each locality. Fourth, we used Arlequin to test for linkage equilibrium (LE) between each pair of loci at each locality. HWE tests employed 10 5 recorded Markov-Chain-MonteCarlo (MCMC) iterations, following a burn-in of 10 3 iterations, whereas LE tests employed 10 4 random permutations. In both cases, we evaluated test results using a sequential Bonferroni adjustment for a global α = 0.05 (Rice 1989) .
Samples were obtained from a total of 12 mainland and 12 island localities (Supplementary Data SD2); however, following the QA-QC adjustments described above, 10 localities (7 mainland, 3 island) had sample sizes of only 1 or 2 individuals each (Table 1) . Although the genetic and geographic characteristics of these individuals potentially are useful for individual-based, landscape genetic analyses, they do not support the characterization of population-level allele frequencies, and therefore are not useful for group-based, population genetic analyses. As this study utilizes both types of analyses, we created 2 data sets, 1 that included all 314 individuals from all 24 localities (hereafter called "full data set") and another that included 299 individuals from the 14 localities with sample sizes of 7 or more individuals ("reduced data set").
To determine whether it was appropriate to combine data across the 7 sampling years of this study for subsequent analyses, we used Arlequin to perform an analysis of molecular variance (AMOVA) to partition total genetic variance into purespatial (i.e., among localities), pure-temporal (i.e., among years within localities), and residual (i.e., among individuals within years within localities) components. For this analysis, we used the reduced data set, which contained data from 14 localities at which multiple individuals were sampled in multiple years. The magnitude of variance at each hierarchical level was tested for equality with zero based on 10 4 random permutations of objects among groups at the level being tested.
Delineation of population genetic structure using microsatellites.-As a measure of population structure, we used Arlequin to estimate Weir and Cockerham's (1984) F ST , a measure of genetic differentiation, between each pair of localities in the reduced data set (91 locality-pairs total). We used exact tests based on 10 5 randomizations to evaluate whether each F ST -value was significantly greater than zero (i.e., to evaluate whether there was sufficient evidence to reject the hypothesis that individuals at the 2 localities belonged to the same population).
As a complement to F ST -based analysis, we used an individual-based Bayesian clustering model to elucidate the population structure underlying the full data set. Based on individual multilocus genotypes, the hypothetical number (K) of ancestral clusters that gave rise to the sample of raccoons was estimated using Structure 2.3.3 (Pritchard et al. 2000) . The model underlying this analysis did not rely on prior information about the capture locations of individuals, but rather, attempted to sort individuals into ad hoc, genetically homogeneous clusters with maximal HWE. We evaluated the likelihood of K-values ranging from 1 to 20. All models allowed for admixture and correlation of allele frequencies among clusters and searched parameter space using 10 6 recorded MCMC iterations, following a burn-in of 10 5 iterations. Ten replicate chains were run for each K-value. We then used Structure Harvester (Earl and vonHoldt 2012) to implement 2 procedures for selecting the optimal K-value. In the first, we estimated the mean loglikelihood across replicates for each K; the K with the highest mean log-likelihood, L(K), was considered the best representation of population structure (Pritchard et al. 2000; Waples and Gaggiotti 2006; Faubet et al. 2007 ). In the second, we estimated delta-K for successively larger K-values, and the K-value with the greatest delta-K was considered the best representation of population structure (Evanno et al. 2005) .
Estimation of genetic diversity and effective population size.-We used population genetic analyses of the reduced data set to estimate the genetic diversity of raccoons within localities of the study area. For each locality, we used FSTAT 2.9.3.2 (www.unil.ch/izea/softwares/fstat.html -Goudet 2002) to estimate unbiased gene diversity (i.e., expected heterozygosity, H E ), observed heterozygosity (H O ), the inbreeding coefficient (F IS ), and allele richness standardized to a sample size of 6 individuals (A 6 ; equal to the minimum number of complete genotypes observed at any locality in the reduced data set; Myrtle Island had only 6 genotypes at locus PLO2-117). For Cedar Island, we used only the 20 samples collected prior to predator removal efforts (i.e., pre-2004) to estimate diversity statistics, because we presumed that the 6 raccoons collected after 2003 had immigrated from elsewhere (B. Truitt, Virginia Coast Reserve, The Nature Conservancy, pers. comm.; Supplementary Data SD2).
No genetic estimator of single-generation effective population size (N e ) has yet been developed for use in a species with overlapping generations, such as raccoons. For such species, a genetic estimate of N e should be interpreted as the effective number of breeders (N b ) that produced the sampled cohort, rather than the true N e of a generation (Waples and Do 2010) . Furthermore, lack of age data for sampled raccoons forced us to combine multiple cohorts for analysis, which further complicates interpretation of N e for these samples. Resulting estimates of N e , therefore, are neither equivalent to true N e nor true N b , but are intermediate to the 2 (Robinson and Moyer 2013). However, if we assume that: 1) reproductive success is relatively consistent from generation to generation within localities, and 2) age structure and age-specific reproductive success are relatively consistent across localities, then variation in estimated N e should be proportional to variation in the size of gene pools. Therefore, we estimated N e for each locality in the reduced data set using the bias-corrected linkage-disequilibrium method (Waples 2006) , as implemented in LDNE (Waples and Do 2008 ). We excluded rare alleles occurring at frequency < 0.02 and estimated the mean and 95% confidence interval (CI) of N e by jackknifing over loci. Prior to estimation, we removed from analysis any individual inferred by Structure to be a first-generation immigrant. We also removed the 6 individuals captured on Cedar Island during post-2003 predator removal efforts, because they were presumed to be recent immigrants (B. Truitt, Virginia Coast Reserve, The Nature Conservancy, pers. comm.; see "Results"; Supplementary Data SD2).
Drivers of variation in genetic diversity among islands.-We used generalized linear models (GLMs) to examine the influences of landscape context on patterns of genetic diversity among 8 source islands (Cedar, Parramore, Revel, Hog, Mockhorn, Skidmore, Smith, and Fishermans), which were defined by Porter et al. (2015) as islands with resident populations of raccoons (Fig. 1B) . Models were built to explain variation in each of 5 genetic response variables: H E , A 6 , F IS , the natural logarithm of N e , and the arithmetic mean F ST of an island versus all other localities in the reduced data set. Potential explanatory variables (Supplementary Data SD6) included relative location (expressed as the distance in km north of Fishermans Island, which was the southernmost island in the study), and the total area of upland habitat on the island (ha; see Porter et al. 2015) . We also evaluated the effects of 3 indices of landscape resistance, which Porter et al. (2015) estimated using cost-distance analysis and least-cost-path models. Models assumed that the energetic costs of movement across marsh and open water were 2 and 4 times higher, respectively, than the cost to move across upland. That is, we evaluated multiple alternative paths for this landscape, seeking to identify the most likely source(s) of migrants and their movement pathway(s) to reach each of the 8 islands from alternative sources. The 3 alternative indices were based on Porter et al.'s (2015) calculations of landscape resistance for raccoons to move to each of the 8 source islands from: 1) the mainland only, 2) from another source island only, or 3) the minimum of the previous 2 index values (Supplementary Data SD6) .
Models were fit using the GLM function in R 2.13.2 (R Foundation for Statistical Computing), assuming a Gaussian distribution and identity link function. CIs were estimated by profile maximum likelihood. For each response variable, we compared 19 models, which consisted of all possible combinations of the explanatory variables, except that we never combined the "minimum-cost" cost-distance index with either of the other 2 cost-distance indices. Models were ranked using Akaike's information criterion, corrected for small sample size (AIC c ).
Estimation of dispersal and gene flow.-Dispersal is the process through which individuals move from natal to non-natal locations. Gene flow is the genetic result of dispersal followed by successful reproduction and contribution to a non-natal gene pool. These 2 processes are related, but rates of dispersal and gene flow can differ if, for example, dispersing individuals fail to reproduce or if widely dispersed individuals ultimately return to their natal habitats to breed. Furthermore, dispersal and gene flow are detected using different genetic techniques. We used a variety of such techniques, in an attempt to provide a synthetic picture of raccoon connectivity within the study area.
We first used Structure to conduct individual-based analyses of the full data set in order to estimate patterns of real-time dispersal. We identified, as first-generation (i.e., F 0 ) immigrants, all individuals that were captured at a locality other than the 1 at which they were inferred to have been born (based on their genetic similarity to the other individuals captured at the same locality). For 18 individuals (that were captured on 4 nonsource islands or on Cedar Island post-2003), we used no prior information on capture location, but assumed that these 18 raccoons originated from 1 or more of the 11 sources (4 mainland, 7 island), as detailed in Supplementary Data SD7. For the 286 individuals captured at 1 of the 11 potential source locations, capture location was used as a Bayesian prior, wherein we assumed a background migration rate of 0.1 (i.e., prior probability of being an immigrant = 0.1). We set K = 11 and ran 10 replicate chains, each consisting of 10 6 recorded MCMC iterations, following a burn-in of 10 5 iterations. The chain with the lowest Bayesian deviance was retained. From this chain, we concluded that an individual was an immigrant if the posterior probability of originating from its capture location was less than that of originating from an alternative source. The 18 individuals with no prior capture-location information were de facto assumed to be immigrants, and we assigned them to the source with the highest posterior probability.
Next, as a complement to real-time estimates of dispersal, we estimated "recent" rates of dispersal among localities in the reduced data set. We implemented the Bayesian model of Wilson and Rannala (2003) in BAYESASS 3.0 (www.rannala. org/inference-of-recent-migration/; Supplementary Data SD8).
Drivers of variation in gene flow.-We calculated Rousset's (2000) genetic distance (â) between all pairs of individuals and used this as an index of geographic variation in gene flow through the study area, because genetic distance is expected to vary negatively with gene flow. We then employed the causal modeling approach of Cushman et al. (2006) to test the following 4 alternative hypotheses about the most important drivers of gene flow: 1) Isolation-by-distance: under this scenario, genetic distance is best predicted by the Euclidean distance between individuals. 2) Isolation-by-barrier: under this scenario, gene flow is best predicted by the presence or absence of a water barrier (marsh or open water) between individuals. Sample-pairs were coded with a 0 (no barrier) or 1 (barrier) for this model. 3) Isolation-by-resistance: under this scenario, gene flow is best predicted by the minimum landscape cost-distance between individuals. This cost-distance accounts for the varying permeability of marsh and open-water habitats, as described above and in Porter et al. (2015) . In this model, total movement cost was accumulated as a potential movement path that crossed raster cells between pairs of raccoons. Cells of upland, marsh, and open water were attributed a cost of 1, 2, and 4, respectively. The minimum cost-distance between a pair of individuals was the lowest-cumulative-cost path, of all possible paths, between those individuals. Thus, this index included the effects of both spatial distance and water barriers, because resident raccoons in this system exhibit spatially restricted dispersal and a reluctance to cross open water (Dueser et al. 2013 ). 4) Sex-based differences: under this scenario, gene flow is higher between pairs of males than pairs of females, due to male-biased dispersal and female philopatry. Sex was represented as a dummyvariable matrix, with 1 indicating a female-female comparison and 0 indicating either a male-male or opposite-sex comparison. We tested causal models using simple and partial Mantel tests of matrix association. Mantel tests measure the magnitude of correlation between matrices, and they use permutation tests to assess whether this correlation is greater than predicted by chance.
We first used simple Mantel tests to assess whether each explanatory variable had a significant influence on genetic distance. We then used partial Mantel tests to assess whether each explanatory variable had a significant influence on genetic distance, after the influence of each other explanatory variable had been accounted for. In the event that alternative predictor variables had a significant influence on genetic distance, we used the magnitude of the Mantel R statistic to rank predictors for importance (Cushman et al. 2013 ). We conducted tests in the ecodist package for R. The P-value for each permutation test was based on 10 4 randomizations. Euclidean and resistance distances were natural log-transformed prior to analysis.
results
Mitochondrial DNA diversity and population genetic structure.-We sequenced a total of 164 samples from 22 localities (Table 1 ) and identified 7 unique haplotypes (Table 2 ; Supplementary Data SD9). Of the 6 variable positions, 3 occurred within the portion of the cytochrome-b gene; all 3 of these were at third positions of the codon, and 2 of the 3 were transition substitutions. We detected 1 transition substitution in the tRNA, and 2 variable positions (1 transition and 1 transversion substitution) were detected in the D-loop. Representative sequences of these 7 haplotypes have been deposited in GenBank (Accession numbers KY950228-KY950234). Haplotype designations of voucher specimens are provided in Supplementary Data SD10.
Haplotype A was the most frequent haplotype detected in this study and also the most geographically widespread, observed at 15 localities ( Fig. 2A; Table 3 ). Haplotype B was the next most frequent, present at 11 localities. The next most frequent haplotype (C) was detected at 7 localities, 2 on the Delmarva Peninsula and the 5 most-northerly islands. A strictly northern distribution also was shown by haplotypes D, E, G, and H. Haplotype H was restricted to Cedar Island. Haplotype D was shared between Parramore Island and Gargatha on the mainland; G was shared by Cedar and Parramore islands; and E was shared by Parramore, Hog, and Rogue islands. The following pairs of haplotypes differed from each other by single mutations: A-B, B-E, and C-D (Table 2 ; Supplementary Data SD9). Haplotype G differed from both haplotype C and haplotype D by 2 mutations. The most divergent haplotype in the data set was haplotype H, which differed from both haplotype C and haplotype B by 9 mutations.
Nucleotide diversity (π) within localities was generally low, ranging from 0 to 0.0036 (Table 3) . Haplotype diversity (h) within localities ranged from 0 to 1.0 (Table 3) . Higher measures of haplotype diversity did not necessarily correspond to larger sample sizes. For example, the haplotype diversity of Parramore Island (n = 29) was 0.7167; whereas the haplotype diversity of Smith Island (n = 26) was only 0.0769.
A large number of values for pairwise population distance (d A ) were not significantly different from 0 (Table 4) . Many pairwise comparisons among Kiptopeke and the southern islands were not significantly different from 0, although Kiptopeke-Smith Island and Kiptopeke-Fishermans Island each were significant, with a value of around 0.55 (Table 4 ). The frequency of haplotype B at Nassawadox on the mainland was 1.0, whereas the frequency of haplotype A on Myrtle, Mockhorn, and Fishermans islands was 1.0. This resulted in d A -values of 1.0 for all pairwise comparisons of Nassawadox and these 3 islands (Table 4) .
Results of QA-QC analyses for microsatellite loci.-A total of 382 samples were genotyped at the 13 microsatellite loci. Of these, 61 individuals had missing data at 3 or more loci, and we removed them from further analyses. Seven pairs of samples had 100% matching genotypes, which was very unlikely for 2 different individuals within this raccoon metapopulation (i.e., PI siblings was < 10 −5 ; data not shown). Because duplicate genotypes originated from the same locality, we interpreted them as originating from the same individual, and we retained only 1 member of each pair for subsequent analyses. The final, full data set consisted of 314 unique individuals from 24 localities genotyped at 13 loci, of which 158 were females, 155 were males, and 1 individual (from Machipongo, sampled in 2002) was of unknown sex (Table 1 ; Supplementary Data SD2).
Of 182 locus × locality tests, HWE was rejected in only 3 cases. Of 1,092 locus × locus × locality tests, LE was rejected in only 11 cases. Because none of these loci exhibited persistent evidence for disequilibria due to linkage, selection, null alleles, or other deviations from HWE, we retained data from all 13 loci for further analyses.
Within the 14 localities at which multiple individuals were captured in multiple years, AMOVA indicated that only 0.95% of molecular variance was due to differences among years (P = 0.0016), whereas 7.71% of variance was due to differences among localities (P < 0.00001), and 91.33% was residual variation among individuals within years within localities (P < 0.00001). We therefore presumed that temporal variation had minimal effect on estimates of population structure and diversity, and we pooled data across years for subsequent analyses.
Delineation of population genetic structure using microsatellites.-In comparisons of localities in the reduced data set, estimates of F ST ranged from 0.006 to 0.175 among pairs of localities ( 
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Mockhorn, Myrtle, Skidmore, and Fishermans islands, whereas localities with relatively small F ST -values included Parramore and Revel islands and all mainland localities. F ST was not statistically distinguishable from 0 in 3 pairwise comparisons, Gargatha versus Locustville, Locustville versus Machipongo, and Parramore versus Revel, indicating that these localities belong to the same local gene pools. All other locality pairs were statistically distinguishable based on F ST . We used Structure to implement individual-based Bayesian clustering models in order to assess the number (K) of ancestral clusters that gave rise to this sample of raccoons. Although the highest mean log-likelihood, L(K), was observed for K = 8, comparison with models featuring alternative K-values revealed that models with K = 6 had a similarly high mean log-likelihood (Fig. 3) , adequately captured the primary geographic patterns of population structure, and they were more readily interpretable than models with higher K-values. Furthermore, the delta-K analysis indicated that the most highly supported model was K = 2 (Supplementary Data SD11), yet that model clearly failed to account for geographically meaningful population structure that was captured by models with higher K-values. We therefore retained the highest likelihood K = 6 model for further interpretation.
Structure clustering results revealed complex patterns of spatial population structure and individual ancestry in this system (Figs. 2B and 4) . The mainland housed a diverse genetic ensemble, with all 6 inferred ancestral genetic clusters being well represented among mainland localities, although the proportional representation of each cluster varied idiosyncratically among localities. All mainland localities were characterized by a strong genetic signature of ancestral cluster 1. In contrast to the variety of ancestral clusters at mainland localities, most island localities had ancestry from only 1 founding population, and admixture within island individuals generally was low. Ancestral cluster 1 was represented only weakly at most island localities. Raccoons on the northern group of islands (Metompkin, Cedar, Parramore, Revel, Hog, and Rogue) shared genetic affinities with each other that were not shared with those in the southern group of islands. Combined Parramore and Revel islands harbored strong genetic signatures of 4 ancestral clusters (1, 2, 3, and 4) and, like mainland localities, showed significant admixture of individuals. Within the southern group, raccoons on Mink, Myrtle, Mockhorn, and Smith islands were highly similar genetically, whereas those on Skidmore Island and Fishermans Island each were genetically dissimilar from those on all other islands. 5  7  9  11  13  15  17  19  21  23  25  27  29  31  33  35  37  39  41  43  45  47  49  51  53  55  57  59  61  63  65  67  69  71  73  75  77  79  81  83  85  87  89  91  93  95  97  99  101  103  105  107  109  111  113  115  117  119  121  123  125  127  129  131  133  135  137  139  141  143  145  147  149  151  153  155  157  159  161  163  165  167  169  171  173  175  177  179  181  183  185  187  189  191  193  195  197  199  201  203  205  207  209  211  213  215  217  219  221  223  225  227  229  231  233  235  237  239  241  243  245  247  249  251  253  255  257  259  261  263  265  267  269  271  273  275  277  279  281  283  285  287  289  291  293  295  297  299  301  303  305  307  309  311 Estimation of genetic diversity and effective population size.-We estimated genetic diversity statistics and effective population size for each of the 14 localities in the reduced data set (Table 5 ). Based on t-tests assuming unequal variances, gene diversity (H E ), allele richness (A 6 ), and the inbreeding coefficient (F IS ) all were significantly greater at mainland than at island localities (t = 2.56, P = 0.013; t = 4.03, P = 0.001; and t = 2.61, P = 0.017, respectively). In contrast, observed heterozygosity (H O ) was slightly greater at island than mainland localities, although not significantly so (t = 0.42, P = 0.342). All mainland localities had positive F IS -values, which result from a homozygote excess relative to Hardy-Weinberg expectations.
Where finite and estimable, effective population size (N e ) ranged among localities from 4.6 (Myrtle Island) to 256.9 individuals (Machipongo; Table 5 ). In Gargatha and Locustville, N e was indistinguishable from infinity, which occurs when sample size is low or true N e is very large (Waples and Do 2010) . However, when individuals from these 2 localities were combined, N e was estimated to be 836.2 individuals (95% CI = 59.8 to infinity). Among islands, Parramore and Revel islands had the largest estimated N e s within the northern group, whereas Smith Island had the largest estimated N e within the southern group.
Drivers of variation in genetic diversity among islands.-We used GLMs to evaluate which landscape predictors best explained variation in genetic diversity and differentiation among the 8 islands that putatively support resident (source) populations. Response variables included H E , A 6 , F IS , N e (natural log-transformed), and mean F ST (Supplementary Data SD12). Potential predictors included relative location (km north of Fishermans Island), island upland area (ha), and 3 alternative indices of landscape resistance based on cost-distance and least-cost-path analyses of Porter et al. (2015) . Models generally explained a large percentage of the variation of response variables (R 2 range = 0.64-0.91). For each response variable, model selection using AIC c indicated that a single predictor best explained variation in the response. For 4 of the genetic response variables (H E , A 6 , N e , and F ST ), the strongest predictor was the minimum cost to move from another source island ( Supplementary Data SD12; Fig. 5) . H E , A 6 , and N e were negatively related to this cost, whereas F ST was positively related to this cost. The final response variable, F IS , was positively related to the upland area of an island. Negative F IS -values indicate an excess of heterozygotes relative to Hardy-Weinberg expectation, whereas positive F IS -values indicate a deficit of heterozygotes. The 4 islands with upland areas ≤ 214 ha had negative F IS -values, whereas 3 of the 4 islands with upland areas ≥ 292 ha had positive F IS -values.
Estimation of dispersal and gene flow.-The Structure analysis of real-time dispersal implied occasional movement of raccoons among localities, usually among nearby islands. Of the 286 individuals for which we included information about capture location in our models, 11 animals (4%) were inferred to be first-generation (F 0 ) migrants because they had a higher probability of originating from a location other than where they were captured (Table 6 ). Seven of these inferred migrants moved from 1 island to another, 3 moved from 1 mainland locality (Kiptopeke) to 1 island (Fishermans), and 1 moved from an island (Smith) to a mainland locality (Nassawadox). Nine (82%) of these inferred dispersers were males. Of the 18 individuals that were presumed to have immigrated from 1 of the 11 potential source locations onto either a non-source island, or onto Cedar Island after removal trapping in 2004-2006, the inferred source was a mainland locality in only 11% (2 of 18) of cases. There was no sex bias among these inferred dispersers (9 males, 9 females).
The BAYESASS analysis indicated variable and asymmetrical contemporary migration rates among localities (Table 7) . Table 5 .-Genetic characteristics of raccoons (Procyon lotor) on the Virginia barrier island complex and adjacent Delmarva Peninsula mainland. Locality names correspond to those shown in Figs. 1 and 2 . For each locality with sample size (n) of at least 7 individuals for microsatellite data, unbiased gene diversity (i.e., expected heterozygosity, H E ), observed heterozygosity (H O ), allele richness (A 6 , based on the minimum sample size, n = 6, observed at any locus in any population), inbreeding coefficient (F IS ), mean effective population size (N e ) and 95% CI, mean F ST based on 13 microsatellite loci, and mean d A based on a 515-base pair segment of mitochondrial DNA are provided. Because the mean effective population sizes (N e ) of Gargatha and Locustville were not estimable individually, the pooled N e for individuals from these localities (836.2 individuals) was used to estimate the mean and SD of N e for mainland localities. Samples from Skidmore Island were not available for the mitochondrial DNA (mtDNA) analysis. The combined Parramore and Revel islands had a lower mean immigration rate (0.06, versus 0.11-0.15 at other locations), but higher emigration rates (0.08 to the northern mainland; 0.09 to Hog Island) than other localities in the northern group. Cedar Island had a moderately high immigration rate (0.07) from the northern mainland. Within the southern group of localities, Smith Island had a relatively low immigration rate (0.04, versus 0.11-0.31 at other locations), but a relatively high emigration rate to Mockhorn (0.22) and Myrtle (0.21) islands. Skidmore Island and the southern mainland were connected by moderate, symmetrical migration (0.05 in both directions). Drivers of variation in gene flow.-We used Mantel tests in a causal modeling framework to test 4 alternative candidate predictors of interindividual genetic distances (â): distance, resistance, barriers, and sex (Table 8) . Test results supported isolation-by-resistance as the best explanation of gene flow, but also indicated that resistance models left some variance in genetic distance unaccounted for. Based on simple Mantel tests, the single variable most strongly associated with variation in â was Porter et al.'s (2015) estimate of the cost-distance between individuals (Mantel's R = 0.217, P = 0.0001; Table 8 ), which assumes a greater movement cost across marsh and open-water habitats. Euclidean distance between individuals (isolation-bydistance) and the presence-absence of a water barrier between individuals (isolation-by-barrier) also were significantly related to â, whereas sex was not. In partial Mantel tests, isolation-byresistance remained a significant predictor of â after accounting for each other variable. Isolation-by-distance remained significant after accounting for barriers, but not after accounting for resistance. Isolation-by-barriers remained significant after accounting for both distance and resistance. Unlike other explanatory variables, sex was not significantly associated with â in any Mantel test.
discussion
Our landscape genetic analyses were motivated by an effort to understand source(s) of island immigrants and patterns of movement among the Virginia barrier islands by raccoons, a species of generalist mesopredator that threatens populations of beach-nesting and colonial waterbirds on these islands. We sought enhanced understanding of sources, movement, and population dynamics in order to inform allocation of scarce resources for managing these raccoon populations. Previous work (Dueser et al. 2013; Porter et al. 2015) indicated that raccoons exist as a metapopulation on the islands and adjacent Delmarva Peninsula mainland. In this study, we documented strong genetic structure and spatial variation in genetic connectivity among local populations of raccoons in this mainlandisland system (Figs. 2 and 4 ). Our analysis of mtDNA variation revealed north-south patterns of haplotype distribution on the mainland and on islands. Movement of raccoons in the northern portion of the study area (as evidenced by multiple shared haplotypes) was likely facilitated by the geographic proximity of the northern islands to the mainland as well as by the moreextensive marshes in this region (Supplementary Data SD1) . The southern islands and southern mainland, on the other hand, (Cedar, Parramore, Revel, Hog, Mockhorn, Skidmore, Smith, and Fishermans) , which were defined by Porter et al. (2015) as islands with resident populations (Fig. 1B) . Minimum cost to move from another source island is abbreviated as "Cost from source island." Each panel (A-E) shows the best-supported relationship based on information-theoretic model selection in regression models (see text; Table 5 ; Supplementary Data SD6 and SD12). exhibited low mtDNA diversity ( Fig. 2A; Table 3 ), potentially because they were colonized more recently and have maintained greater isolation as a result of the greater extent of open water in this region (Supplementary Data SD1). Our subsequent analysis of microsatellite loci identified Smith Island as the main source of dispersing animals in the south, whereas Parramore Table 7 .-Between-locality migration rates for raccoons (Procyon lotor) on the Virginia barrier island complex and adjacent Delmarva Peninsula mainland, as estimated by BAYESASS using 13 microsatellite loci. Locality names correspond to those shown in Figs. 1 and 2 . The Bayesian posterior mean and SD (in parentheses) of migration rate are shown among localities in the northern (upper table) and among localities in the southern (lower table) portions of the study area. Values in bold are estimated proportions of individuals that are residents at a locality (i.e., 1 minus the combined estimated immigration rate). The northern mainland (NorthMd) consisted of localities Gargatha, Locustville, Nassawadox, and Machipongo combined. The southern mainland (SouthMd) consisted of localities Nassawadox, Machipongo, and Kiptopeke combined. Locality names for islands are abbreviated as follows: CeId (Cedar Island, pre-2004) and Revel islands were a major source of emigrants in the north (Table 7 ; Fig. 1B ). We also found strong evidence that gene flow in this system is primarily constrained by landscape resistance (Table 8 ). All of these findings agree with Porter et al.'s (2015) predictions based on cost-distance and least-cost-path modeling and with Dueser et al.'s (2013) direct observations of overwater movement by marked individuals in this system. Our findings differ from those of all other studies of genetic structure in raccoon populations. Previous studies examined genetics of raccoons in a variety of habitats and landscapes, including relatively contiguous forests (Cullingham et al. 2008; Root et al. 2009 ), areas bisected by rivers (Cullingham et al. 2009; Côté et al. 2012) , forest patches within an agricultural matrix (Dharmarajan et al. 2009; Hennessy et al. 2015) , insular and mainland populations from southern Florida (Trujillo and Hoffman 2017) , and populations in various habitats within a metropolitan urban matrix (Santonastaso et al. 2012) . Each of these studies reported either a total lack of genetic structure or only weak structure. In contrast, our landscape genetic analyses of populations of raccoons on the Virginia barrier islands and adjacent Delmarva Peninsula mainland indicated that: 1) raccoons occur in a series of semi-independent local populations that exhibit significant genetic structure and are characterized by historical and ongoing colonization events, 2) island populations exhibit evidence of source-sink dynamics in the form of variation in genetic diversity, effective population size, and emigration-immigration rates, and 3) individuals dispersed mostly among nearby islands and along least-cost pathways of landscape resistance, in agreement with Porter et al.'s (2015) predictions based on cost-distance models of raccoon movement in this system.
Evidence of population structure.-Estimates of pairwise population differentiation based on both mtDNA and nuclear microsatellite data revealed substantial population structure throughout this system (Table 4 ). In addition, populations at northern peninsular localities exhibited higher genetic diversity than those at the southern tip of the Delmarva Peninsula, as measured by both nuclear and mtDNA markers ( Fig. 2 ; Tables 3  and 5 ). These latter findings are consistent with reduced dimensionality and reduced number of pathways of genetic exchange in a linear arrangement of populations, as might be expected on a peninsula (Wisely et al. 2004) .
Analyses of nuclear markers additionally revealed complex patterns of spatial population structure (Fig. 2B ) and individual ancestry (Fig. 4) in this system. Raccoons at mainland localities had diverse ancestry from a variety of clusters, suggesting that the mainland of the study area has received multiple waves of immigrants from populations farther north on the Delmarva Peninsula. Furthermore, the diversity and degree of admixture at mainland localities shows that the mainland is a "melting pot" for immigrants from throughout this system and beyond. In contrast, populations on islands evidently were founded by few individuals, representing only a single genetic lineage, and have maintained relative isolation from this migrant source since founding. Parramore and Revel islands, however, harbor particularly large gene pools, have received multiple infusions of genetically differentiated migrants, maintain a stronger ongoing connection to the mainland, or some combination of these factors. Based on genetic similarity, there also is evidence for high connectivity among islands within the 2 geographic areas identified by Porter et al. (2015) as being highly connected based on cost-distance analysis: the southern islands-Smith, Mockhorn, Mink, and Myrtle islands, and the northern islands-Parramore, Revel, Rogue, and Hog islands (Figs. 1B and 2B ). There also were patterns of similarity within 2 sectors of island localities for mtDNA ( Fig. 2A) : those in the north (Parramore, Revel, Rogue, and Hog islands) and those in the south (Mink, Myrtle, Mockhorn, Fishermans, and Smith islands). At the same time, the greatest mtDNA differentiation among groups of localities was between the northern-island sector and the southern-island sector (Table 4) .
Overall, historic patterns of dispersal and gene flow (as inferred from mtDNA) were concordant with the contemporary patterns inferred from microsatellites. Island groupings based on mtDNA were the same as those based on microsatellites, except that Fishermans Island grouped with the other southern islands (Mink Island south to Smith Island) for the mtDNA data. The high frequency of haplotype A on the southern islands suggests high female philopatry, which is typical of most mammals (Lawson-Handley and Perrin 2007) .
Evidence of source-sink dynamics.-Our analyses of microsatellite loci revealed variation among islands in terms of effective population size, genetic diversity, and immigrationemigration rates (Table 5) , consistent with the hypothesis that Rousset's (2000) genetic distance between individuals, â. Predictor variables were tested for association with genetic distance, both singly (using simple Mantel tests) and after accounting for the effect of other covariates (using partial Mantel tests). The Mantel correlation statistic (R) and probability of no association between variables (P) are shown. Predictor-response relationships with P < 0.05 are shown in bold. All mainland localities had positive F IS -values and homozygote excesses, likely due to Wahlund effects, which occur when genetically differentiated samples are mixed. We found that the mainland consists of a mix of genetic lineages, whose distribution does not necessarily follow geographic patterns (Figs. 2B  and 4) . Each mainland locality potentially included multiple cryptic lineages, increasing the potential for Wahlund effects. In contrast, 6 of the 9 island localities had negative F IS -values, which result from a homozygote deficiency. Homozygote deficiency may have been caused by a combination of male-biased dispersal and female philopatry, which is typical of most mammals (Lawson-Handley and Perrin 2007). The effect may be exacerbated on islands relative to mainland localities, because the rate of inbreeding is likely to be higher on islands, where populations are small, migration is rare, and inbreeding avoidance is more difficult than on the mainland.
Our analyses indicate that island isolation (in terms of cost to move from the nearest source island) is the primary factor driving genetic diversity, effective population size, and genetic differentiation of island raccoon populations (Table 5 ; Supplementary Data SD6 and SD12; Fig. 5) . Notably, the cost of moving from the nearest source island, not from the nearest point on the mainland, was most important; therefore, immigration and genetic rescue effects tend to derive more from nearby islands than from the mainland.
Most movement seems to occur among nearby islands (Table 6 ). However, immigration to Fishermans Island is an exception; we detected 3 genetic outliers that probably dispersed from the southern tip of the mainland (Kiptopeke), which is connected to Fishermans Island by a bridge. We also found genetic evidence of the raccoon's potential for extensive dispersal (Dueser et al. 2013) . One animal was inferred to have moved from Smith Island to Nassawadox on the mainland. Nonetheless, most dispersal events were inferred to have occurred over much shorter distances.
Among the southern group of localities, Smith Island apparently was a major source of raccoons, with 11 of the 29 inferred migrants having originated there (Table 6 ), in agreement with the prediction of Porter et al.'s (2015) model of movement among the islands based on energetic costs (Fig. 1B) . Most inferred dispersal events were among nearby localities, and no dispersal events were observed between the southern and northern sectors of islands. Interestingly, 5 of the 6 individuals captured on Cedar Island subsequent to predator removal activities (i.e., post-2003) were inferred to be immigrants from the pre-2004 Cedar Island gene pool. Therefore, the presumed depopulation effort was, in fact, unsuccessful, and the Cedar Island gene pool persisted.
Based on estimated contemporary migration rates, certain islands act as net sources of emigrants (Table 7) . Inferred demographic connections also were consistent with the visual representation of population structure (Fig. 2B) . Within the northern group of localities, the combined Parramore and Revel islands apparently were the most important sources of emigrants. Within the southern group of localities, Smith Island was again the most important apparent source of emigrants. Source islands (e.g., Parramore, Revel, and Smith) tended to have large areas of forested upland, which provides stable, favorable habitat for raccoons. All islands had immigration rates of at least 4%, and several islands had immigration rates between 11% and 31%. According to Hastings (1993) , immigration rates greater than approximately 10% are sufficient to exert strong effects on local population dynamics.
Gene flow primarily occurs among islands and is constrained by landscape resistance.-One of the main objectives of this study was to determine which ecological features promote and which impede the dispersal and gene flow of raccoons in this system. We found that the primary factor driving spatial patterns of gene flow, as well as spatial variation in genetic diversity, effective population size, and genetic differentiation, was island isolation, promoted by open-water distance from other island populations. We used matrix-based correlation techniques to relate candidate explanatory variables to spatially referenced interindividual genetic distances (â-Rousset 2000), which should be inversely related to gene flow (Table 8 ).
Our findings indicate that both spatial distance and the types of habitat (upland, marsh, open water) through which animals must move are important determinants of raccoon gene flow; both Euclidean distance and water-barrier presence-absence leave unexplained variance that is captured by landscape resistance. However, the same was true of the binary water-barrier variable, which, surprisingly, captured additional variation in â even after variation due to resistance had been incorporated. From this, we conclude that Porter et al.'s (2015) cost-distance model underestimated the relative energetic cost for raccoons to move across open water in this system. Additional mechanistic studies of raccoon behavior and metabolic studies of relative amounts of energy expended when moving through upland, marsh, and open-water environments are needed to help to refine the parameters of Porter et al.'s (2015) cost-distance analysis.
In conclusion, the demographic and evolutionary dynamics of raccoons on the Virginia barrier islands and adjacent Delmarva Peninsula mainland are primarily related to colonization history and to landscape resistance, as defined by cost to move across different types of habitat, with open water serving as a substantial barrier. There are 3 groups of relatively interconnected local populations: those on the mainland, those on the northern islands, and those on the southern islands. The mainland is not a major source of raccoons dispersing to most of the islands. Rather, Smith Island serves as the major source of dispersing raccoons on the southern islands; Parramore and Revel islands are the major source of raccoons on the northern islands. Knowledge of this metapopulation structure enhances our general understanding of the dispersal ecology of raccoons and should be useful for managers seeking to control populations of this generalist mesopredator in this barrier island ecosystem.
